We measure near-field distributions of Mie-type optical modes of silicon nanodisks using apertureless near-field optical microscopy. Excellent agreement with numerical predictions is obtained, further enabling multipole analysis of the observed modes.
Abstract:
We measure near-field distributions of Mie-type optical modes of silicon nanodisks using apertureless near-field optical microscopy. Excellent agreement with numerical predictions is obtained, further enabling multipole analysis of the observed modes. Owing to their low dissipative losses, Mie-type resonances of all-dielectric nanoparticles are emerging as a promising alternative to plasmonic resonances of metallic nanoparticles for a variety of nanophotonic applications. This development is fuelled by recent experimental observations of pure magnetic response even for simple nanoparticle shapes, like spheres, disks, or cubes, of high-permittivity all-dielectric nanoparticles [1, 2] . The nearly ideal multipolar characteristics of both the electric and magnetic optical modes supported by such nanoparticles offer unique opportunities for nanoantennas and optical metamaterials. For example, controlled interference of electric and magnetic resonances is key to tailoring directional scattering, and higher order multipolar modes could allow for targeted near-field coupling to higher-order optical transitions of molecules or doped nanocrystals. There is a vast amount of research focused on the study of the optical properties of such high-index all-dielectric nanoparticles, however, so far most experimental work has been concentrated on their far-field characteristics. Cathodoluminescence imaging spectroscopy of the resonant modes of single silicon cylinders has recently been performed [3] , however, excitation via an electron beam does not provide control over polarization and phase of the excited mode.
Here, for the first time to our knowledge, we perform all-optical imaging of the Mie-type resonances of individual high-index all-dielectric nanoparticles -in our case silicon nanodisks -using apertureless (scattering type) near-field scanning optical microscopy (ANSOM) with 633 nm excitation wavelength. ANSOM has been used to image the near-field characteristics of materials with spatial resolution independent of the wavelength of light, measuring their optical properties with a resolution on the order of 10 nm [4] . The basic principle of ANSOM imaging involves focusing an external laser light at the tip of an atomic force microscope probe and measuring the scattered light as the sample is raster scanned in close proximity to the tip.
Silicon nanodisks on silicon oxide substrate have been fabricated using electron-beam lithography on silicon-oninsulator wafers. We have reduced the initial thickness of the top silicon layer from 220 nm to 140 nm by reactive ion etching before the exposure. After exposure, a second reactive ion etching step has been performed for lateral patterning of the resulting silicon layer using the electron-beam resist pattern as an etch mask. Great care has been taken to remove all residual resist after reactive ion etching by oxygen plasma and piranha etching in order to ensure efficient coupling of the probe tip to the optical modes of the silicon nanodisks. The center-to-center spacing between adjacent nanodisks has been set to 2 µm in order to minimize mutual coupling. An SEM image of a typical fabricated sample is displayed in Fig. 1 (a) .
Polarization selective ANSOM imaging has been performed by configuring the optical components around an Neaspec atomic force microscope customized for pseudoheterodyne interferometric detection of scattered light. A linearly polarized laser beam is focused at the probe tip using a parabolic mirror (NA = 0.46). The scattered light is collected through the same parabolic mirror and mixed with a reference beam. Polarization selection of the scattered light is achieved by controlling the polarization of the reference beam using a quarter waveplate. The polarization selection is further refined using a polarizer mounted close to the detector. The AFM is operated in a tapping mode near the resonance oscillation frequency Ω of the cantilever. The scattered light plus the reference beam is detected using a silicon photodiode. The output of the detector is demodulated at nΩ. The incidence angle with respect to surface normal is 60 o . P and S refer to the polarization of the incident and scattered light. For example, in the following SP polarization refers to excitation of the sample with S-polarized light and detection of P-polarized scattered light. Representative experimentally measured near-field optical images are displayed in Fig. 1 (b) . For both polarization schemes (SS and SP), the near-field distribution of the individual silicon nanodisks has four lobes, as visible in the amplitude as well as in the phase images. We have observed these characteristics for a number of silicon nanodisks with slightly modified diameters. In order to compare our experimental results with theory we have performed finite-different time-domain simulations for experimental sample parameters (nanodisk diameter 412 nm, nanodisk height 140 nm) and excitation conditions. The substrate has been neglected for simplicity. These results are shown in Fig. 1 (c) for the respective field components relevant for the two polarization schemes. A very good overall agreement is obtained. In addition, we performed a multipole expansion based on vector spherical harmonics to unambiguously identify the specific multipole characteristics of the observed Mie-type nanodisk mode. This analysis confirms that the electric quadrupole contribution to the extinction cross section of the silicon nanodisk is dominant at 633 nm. Nevertheless, there are additional contributions to the extinction cross section from the electric dipole, the magnetic dipole, and the magnetic quadrupole.
In conclusion, we have presented the first all-optical near-field images of Mie-type resonances of high-index alldielectric nanoparticles. Our results provide valuable information for the design of highly efficient all-dielectric nanoantennas and low-loss near-field couplers for higher-order optical transitions.
